The lifetime of the metastable level 3d 2 1 G 4 in a singly charged scandium has been experimentally investigated at the ion storage ring CRYRING. A laser probing technique has been used for the studies. We also report calculated lifetimes and transition rates for 10 metastable levels in Sc II, including the 3d 2 1 G 4 state, by calculations using configuration interaction wave functions. The lifetime of the 1 G 4 level is experimentally determined to be τ exp = 2.64 ± 0.18 s and is in good agreement with the theoretical calculation τ th = 2.84 s.
Introduction
Atomic spectroscopy is used to determine the basic properties related to the specific electronic structure. From experiments, it is possible to extract wavelengths of spectral lines, lifetimes, hyperfine splittings, etc. Such values are of great importance for our understanding of the atomic system but also for different applications, for instance in astrophysics.
One important parameter needed in astrophysical analysis is the radiative transition probability, A ik , for the spontaneous decay, also referred to as the Einstein coefficient or A-value. This parameter is, however, often difficult to measure directly and fortunately it is related to two better measurable quantities, the branching fraction and the radiative lifetime, denoted B F ik and τ i , respectively, where i denotes the upper and k denotes the lower level involved in a transition between i and k, according to
where
and τ by definition is
The branching fraction is obtained by measuring the relative intensities of all lines from a common upper level, where the intensity corresponds to the number of photons emitted per unit time. The radiative lifetime can usually be measured in the laboratory with various techniques depending on the length of the lifetime. Short lifetimes, typically of the order of nanoseconds, can be measured with e.g. the beam-foil technique [1] or with laser-induced fluorescence in laser produced plasmas [2, 3] . If the upper level is long-lived, milliseconds or longer, then the atom or ion has to be observed for a significantly longer time and therefore it is necessary to store it under ultra high vacuum conditions, e.g. in ion traps or storage rings. Various laser techniques can then be applied in order to measure long lifetimes in trapped ions, see e.g. [4] [5] [6] [7] . The long lifetime of a metastable level makes it very sensitive to collisions which usually is the dominating deexcitation process. On the other hand, this sensitivity makes forbidden lines good tools when densities in astrophysical plasmas are to be characterized. In complex spectra, the major part of the associated atomic data has to be determined by calculations since measuring all observed transitions is not feasible and therefore experimental data of certain transitions are of great importance in order to support the calculations.
Calculations of transition probabilities in singly charged scandium were previously performed in 1969 [8] . In 2007, experiments together with new calculations [9] indicated a discrepancy from earlier calculations (by about 40%). Due to this discrepancy, another measurement, this time of the 3d 2 1 G 4 level (see figure 1 ), was performed and it resulted in an even larger discrepancy (approximately a factor of two, compared with earlier theoretical work). Therefore new expanded calculations were undertaken and the results are presented in this paper.
The investigated level in Sc II 3d 2 1 G 4 , 14261.32 cm −1 [10] above the even parity ground state, is just one of 13 metastable even parity levels. The first level of odd parity appears at 26 081.34 cm −1 [10] . All levels below this are of even parity and excited levels cannot decay to other levels of equal parity through electric dipole transitions (E1). Therefore, the main decay rate contribution for a metastable level is usually due to electric quadrupole or magnetic dipole transitions, denoted E2 and M1, respectively, and sometimes even higher order effects such as magnetic quadrupole (M2) transitions or electric octupole (E3) transition play a major role [11] [12] [13] . M2 and E3 transitions occur, however, between states of opposite parity so they are not relevant in this case since all levels are of even parity (figure 1).
One region surrounding the massive star Eta Carinae [14, 15] called the strontium filament (SrF) shows a very special spectrum, where forbidden lines of Ti II, Fe I, Sr II and Sc II have been observed [16] . We have previously published results from studies of metastable levels in Ti II [17, 18] , Fe II [19, 21] , Sr II [22, 23] and Sc II [9] . In the present work, we give additional transition probabilities for forbidden lines in Sc II.
Scandium also plays an important role in technological applications such as discharge lamps due to the fact that it has high iodide vapor pressure at reasonable temperatures and an even distribution of strong lines in the visible region [24] .
Experiment
In a storage ring, the fluorescence from forbidden transitions is distributed all around the ring (since the lifetime is much longer than the revolution time) and the intensity of the signal obtained by passive detection with a photo multiplier tube (PMT), would become very weak due to the small region covered. By applying a laser probing method the signal strength can be increased by several orders of magnitude. The laser probing technique (LPT) used here is a method developed for experiments at the storage ring facility in Stockholm [6, 25] .
The experiment was performed at the ion storage ring CRYRING [26] located at the Manne Siegbahn Laboratory at Stockholm University, Sweden. The ions were produced from ScCl 4 in a low voltage hot cathode ion source (Nielsen type) operated with xenon as a carrier gas. The ions were accelerated to 40 keV, isotope separated in a 90
• bending magnet where 45 Sc + was selected, transported and injected into the storage ring. The stored ion beam current was typically 1.5 µA and the pressure in the ring was less than 10 −11 Torr during the experiment. The lifetime of the stored ion beam was of the order of 1 min. The main reasons for the finite lifetime of the ion beam are collisions with the rest gas inside the ring and imperfections in the beam optics, i.e. the beam focusing elements and the bending magnets. The decay of the ion beam was monitored by a neutral particle detector, a micro channel plate (MCP) [27] mounted after one of the bending magnets in the ring, used together with a multiscaler. A current transformer is also used in order to obtain an absolute current measurement.
The laser system used in the experiment consisted of a Coherent 699-29 Autoscan ring dye laser pumped by an Innova 400-25 argon ion laser.
The population of the 3d 2 1 G 4 level was probed by inducing the 3d 2 1 G 4 -3d4p 1 F o 3 transition at 552 nm, see figure 2 . To obtain the desired wavelength, the dye Rhodamine 110 was used. The ions excited to the 1 F o 3 level can decay spontaneously by a radiative transition, A ik = 1.5 × 10 8 [10] down to the 3d4s 1 D 2 level. A PMT was used together with a color filter to monitor the intensity of the fluorescence. The LPT is a destructive process, i.e. each time a laser probe pulse is applied the state is quenched which means that the population of the metastable level decreases to zero and new ions have to be injected. The output power of the ring dye laser during the experiment was typically 500 mW which was sufficient to deplete the metastable state within a few hundreds of milliseconds. In order to determine the duration of the laser pulse required to deplete the level, the ions were exposed continuously by laser light while the fluorescence was observed with a time resolved multiscaler. The laser probe pulses were generated by a mechanical shutter, Uniblitz LS6, placed in front of the laser and controlled by the VME based data acquisition system. The laser pulses were directed into the storage ring through a set of six mirrors and the laser beam was focused by a telescope in order to get optimal overlap between the laser beam and the ion beam inside the ring.
The data acquisition system controlled all data collection which consisted of lifetime curves of the measured level, ion beam decay curves, particle normalization curves, fluorescence normalization curves and repopulation curves [25] . The normalization curves are used in the analysis for corrections of possible instabilities in the ion source which may cause fluctuations in the initial population of the metastable level of interest.
One important effect that has to be taken into account and corrected for in the analysis is collisional excitation of stored ground state ions into the metastable level, i.e. the repopulation. Eventually there will be an equilibrium between the spontaneous decay and the repopulation effect. A technique to measure this effect [28, 29] has been developed in order to subtract it from the measured lifetime curve in the analysis.
Another systematic effect that has to be taken into account is the collisional deexcitation, also referred to as collisional quenching. This effect will in contrast to the repopulation effect deplete the metastable state and shorten the observed lifetime. The observed decay rate ( observed ) is the sum of the radiative decay rate ( radiative ), the decay rate originating from the collisional deexcitation effect ( collisional ) and the neutralization rate ( neutralization ) due to collisions according to observed = radiative + collisional + neutralization .
Collisional deexcitation effects, collisional and neutralization , are linearly dependent on pressure for low pressures [30] and can be corrected for by varying the pressure inside the ring and measuring the lifetime at different pressures. The pressure cannot be measured directly due to the ultra high vacuum inside the storage ring. However, the neutralization of the ion beam is directly related to the number of residual particles in the ring and thus the decay rate of the ion beam is proportional to the pressure, i.e. the pressure inside the ring is inversely proportional to the ion beam lifetime. The decay rate of the metastable level is plotted as a function of the decay rate of the ion beam, in the so-called Stern-Vollmer plot, and the natural radiative lifetime can then be extracted by extrapolating to zero pressure.
Analysis
The measured repopulation, figure 3 , was normalized against the number of stored particles recorded at a fixed time. The normalized repopulation was then subtracted from the corresponding fluorescence curve of the metastable level which in turn was corrected for variations in the original population of the metastable state. A normalized and corrected lifetime curve was then obtained (see figure 4) which corresponds to the decay of the ions that were in the metastable level when the beam was injected into the ring. The relative pressure, p ∝ τ −1 ion , associated with each lifetime curve was extracted from the ion beam decay curves, see figure 5 . The observed decay rate of the metastable level was then plotted as a function of the relative pressure. By fitting the points with a linear regression weighted against the uncertainty in each point the pure radiative decay rate could be extracted at zero pressure, see figure 6.
Calculations
Forbidden transitions rates in Sc II have been investigated by an extensive calculation using configuration interaction wave functions
where { i } are single-configuration functions (CSFs). In general the expansions include a range of L i and S i and thus allowing mixing between different L S terms with the same J value. For a specific choice of { i }, the expansion coefficients {a i } are the eigenvector components of the Hamiltonian matrix elements H i j = i |H | j . The relativistic effects which make these forbidden transitions possible were incorporated into the calculation using the Breit-Pauli approximation, which should be sufficient for moderately heavy ions such as Sc II. In our Hamiltonian we included the one-body mass-correction, Darwin terms and the nuclear spin-orbit interaction as well as the two-body spin-other-orbit and spin-spin terms. The ordered eigenvalues {E i } of the Hamiltonian matrix are upper bounds to the similarly ordered energy levels [31, 32] :
Hence any of the eigenvalues may be used as the variational functional for optimization of the radial parts of the 
where the STOs are of the form
The {I jnl }, being integers, are kept fixed but the exponents {ξ jnl } and the coefficients {c jnl } may be treated as variational parameters in equation (7), subject to the orthonormality conditions:
Optimization of the radial functions
The states involved in this calculation are normally labeled 3d 2 , 3d4s or 4s 2 . However, the optimal functions for these states differ, quite substantially, so for example the optimal 3d orbital for 3d 2 states is quite different from that for 3d4s states. The calculations assume that a common set of orthogonal orbitals is used to describe all the states so it is necessary to allow for this effective non-orthogonality by introducing additional, correcting orbitals.
The calculations described here have been undertaken with the code CIV3 [33] [34] [35] . The process of optimizing the radial functions is summarized in [36] were used. Then 3d was optimized on the 3d 2 3 P state rather than 3d4s 3 D in order to provide a balance between different states and because the correcting orbital 4d can be then treated as a linear correction rather than quadratic. Finally, 4p, 4f, 5d are correlation orbitals for the outer subshell. The parameters of these orbitals (except for those given by Clementi and Roetti [36] ) are listed in table 2. These orbital functions were also used in the calculations described in [9] .
Configuration set
The full set of configurations used, for all L S symmetries, is shown in table 3. They comprise all the configurations which can be constructed for valence shell correlation, together with the important 3p 2 → 3d 2 correlation effect in the dominant configurations (3d 2 and 3d4s, together with the effects of the correcting orbitals which give rise to 3d4d and 3d5d). We have also allowed the main effect of the replacement of 3p 2 by two other orbital functions. The even parity L S symmetries in this work are 3,1 D, 3 P, 1 S, 3 F and 1 G, appropriately mixed for each J -value. In this way, it is possible to determine wave functions for each of the 14 levels normally labeled with 3d 2 , 3d4s or 4s 2 . In all, 9552 CSFs were used in the five expansions (1), for J = 0, 1, 2, 3 and 4.
Fine-tuning of energies
The ab initio energies for the 14 levels are shown in table 4, where they are compared with the values tabulated by NIST. With the exception of the J = 0 levels the agreement between the ab initio results and the experimental energies are typically within 10-20%. It is clear that the 4s function which is optimal for the 3d4s levels is not appropriate for the 4s 2 state. We decided not to use a 5s function as a corrector orbital, because our main interest is in transitions among the 3d4s and 3d 2 levels, with which 4s 2 interacts only weakly, and because it would substantially increase the number of CSFs in the calculation, to little effect.
As explained previously [37] , small corrections have been made to the diagonal elements of the Hamiltonian matrix so that the final calculated energy separations agree with the experimental (NIST) tabulations. This process has been termed 'fine-tuning'. The aim is to obtain improved mixing coefficients which we have found improves also the accuracy of the mixing coefficients (a i in equation (5)) and hence the calculated transition rates. We find that there is very little mixing between states of different L S but, after fine-tuning, we find some mixing between 3d 2 and 4s 2 1 S (5% of the smaller component) and rather more between 3d 2 and 
Results and conclusion
In a previous paper, we have presented experimental as well as theoretical transition probabilities for forbidden transitions in Sc II with relevance for astrophysical spectral lines observed with the Hubble Space Telescope [9] . These experimental transition probabilities were derived by combining branching fractions and the radiative lifetimes of the upper level. In this work, we have performed a systematic study of metastable even parity levels in Sc II. Theoretical A-value and lifetime calculations of 10 metastable levels are presented for which the lifetimes vary from 66 ms up to 917 s.
The transition rates A i j calculated for both E2 and M1 transitions are shown in table 5, together with the lifetimes calculated according to
In all cases the E2 transitions dominate the calculation of the lifetimes of the 3d 2 levels, though for a few levels, the M1 transitions provide a non-negligible contribution, while for the 3d4s 1 D 2 level, the dominant transition route is M1. In table 5, the transitions from 4s 2 1 S 0 are not included since additional orbitals would be needed to obtain good agreement between 1 Warner and Kirkpatrick [8] the ab initio energy and the corresponding experimental value.
There is relatively little configuration mixing between the states, so that we would expect the level of accuracy to be comparable with that encountered in E1 transitions for which there is little mixing, so typically an accuracy of 5-10% could reasonably be assigned. The experimental and the theoretical results presented in this paper are tabulated together with previously published values in table 6. There are significant differences between previous calculations [8] on Sc II and the calculations presented in this paper. These new calculations are, however, supported by the experimental investigations presented in [9] and also by the new measurement presented in this paper. The extracted radiative lifetime of the 3d 2 1 G 4 level in Sc II has been experimentally determined to be τ exp = 2.64 ± 0.18 s. Statistical errors from the fitted curves, uncertainties in the corrections for repopulation and the collisional quenching are the main contributions to the error presented. The experimental result of the 3d 2 1 G 4 lifetime is in good agreement with our theoretical result τ th = 2.84 s.
